The regulation of light-dependent anthocyanin biosynthesis in Brassica rapa subsp. rapa cv. Tsuda turnip was investigated using an ethyl methanesulfonate (EMS)-induced mutant R30 with light-independent pigmentation. TILLING (targeting induced local lesions in genomes) and subsequent analysis showed that a stop codon was inserted in the R2R3-MYB transcription factor gene BrMYB4 and that the encoded protein (BrMYB4mu) had lost its C-terminal region. In R30, anthocyanin accumulated in the belowground portion of the storage root of 2-month-old plants. In 4-day-old seedlings and 2-month-old plants, expression of BrMYB4 was similar between R30 and the wild type (WT), but the expression of the cinnamate 4-hydroxylase gene (BrC4H) was markedly enhanced in R30 in the dark. In turnip seedlings, BrMYB4 expression was suppressed by UV-B irradiation in the WT, but this negative regulation was absent in R30. Concomitantly, BrC4H was repressed by UV-B irradiation in the WT, but stayed at high levels in R30. A gel-shift assay revealed that BrMYB4 could directly bind to the promoter region of BrC4H, but BrMYB4mu could not. The BrMYB4-enhanced green fluorescent protein (eGFP) protein could enter the nucleus in the presence of BrSAD2 (an importin b-like protein) nuclear transporter, but BrMYB4mu-eGFP could not. These results showed that BrMYB4 functions as a negative transcriptional regulator of BrC4H and mediates UV-B-dependent phenylpropanoid biosynthesis, while BrMYB4mu has lost this function. In the storage roots, the expression of anthocyanin biosynthesis genes was enhanced in R30 in the dark and in sunlight in both the WT and R30. However, in the WT, anthocyanininducing sunlight did not suppress BrMYB4 expression. Therefore, sunlight-induced anthocyanin biosynthesis does not seem to be regulated by BrMYB4.
The regulation of light-dependent anthocyanin biosynthesis in Brassica rapa subsp. rapa cv. Tsuda turnip was investigated using an ethyl methanesulfonate (EMS)-induced mutant R30 with light-independent pigmentation. TILLING (targeting induced local lesions in genomes) and subsequent analysis showed that a stop codon was inserted in the R2R3-MYB transcription factor gene BrMYB4 and that the encoded protein (BrMYB4mu) had lost its C-terminal region. In R30, anthocyanin accumulated in the belowground portion of the storage root of 2-month-old plants. In 4-day-old seedlings and 2-month-old plants, expression of BrMYB4 was similar between R30 and the wild type (WT), but the expression of the cinnamate 4-hydroxylase gene (BrC4H) was markedly enhanced in R30 in the dark. In turnip seedlings, BrMYB4 expression was suppressed by UV-B irradiation in the WT, but this negative regulation was absent in R30. Concomitantly, BrC4H was repressed by UV-B irradiation in the WT, but stayed at high levels in R30. A gel-shift assay revealed that BrMYB4 could directly bind to the promoter region of BrC4H, but BrMYB4mu could not. The BrMYB4-enhanced green fluorescent protein (eGFP) protein could enter the nucleus in the presence of BrSAD2 (an importin b-like protein) nuclear transporter, but BrMYB4mu-eGFP could not. These results showed that BrMYB4 functions as a negative transcriptional regulator of BrC4H and mediates UV-B-dependent phenylpropanoid biosynthesis, while BrMYB4mu has lost this function. In the storage roots, the expression of anthocyanin biosynthesis genes was enhanced in R30 in the dark and in sunlight in both the WT and R30. However, in the WT, anthocyanininducing sunlight did not suppress BrMYB4 expression. Therefore, sunlight-induced anthocyanin biosynthesis does not seem to be regulated by BrMYB4.
Introduction
Flavonoids are a class of secondary metabolites uniquely found in plants. They are comprised of a variety of compounds, such as flavones, flavonols and anthocyanins. Many of these compounds play important roles in fundamental biological processes (Winkel-Shirley 2001 , Park et al. 2004 ) such as UV protection, pigmentation of flowers and fruits to attract pollinators and for seed dispersal, and responses to biotic and environmental stresses (Dixon and Paiva 1995 , Shirley et al. 1995 , Moyano et al. 1996 , Weisshaar and Jenkins 1998 , Harborne and Williams 2000 , Pietta 2000 , Cominelli et al. 2005 . Besides being biologically functional, flavonoids are economically important compounds in vegetables and fruits for their attractive color and nutritional benefits to human health.
Flavonoid synthesis in plant tissue is often sensitive to light condition. For greater accumulation of anthocyanins, prolonged exposure to visible or UV light is often required in some plants (Mancinelli 1985 , Mancinelli et al. 1991 , Wang et al. 2012 . The mechanism of such light-dependent flavonoid biosynthesis involves at least three photoreceptors: cryptochrome, phytochrome and the UVB photoreceptor UVR8. However, the mechanism of light-dependent anthocyanin biosynthesis can vary depending on the species or cultivar, and other photoreceptors or perhaps unknown light-sensing systems have been proposed to be involved. In strawberries, phototropin 2 was proposed to mediate blue-light-induced anthocyanin accumulation (Kadomura-Ishikawa et al. 2013) . UV-A light appeared to activate flavonoid synthesis via a mechanism distinct from those mediated by UV-A/blue photoreceptors , Zhou et al. 2007 , Wang et al. 2012 . Although screening UV-B from sunlight usually prevents anthocyanin accumulation, irradiating with UV-B alone often induces little anthocyanin biosynthesis; co-irradiation with blue is more effective than monochromatic UV-B irradiation (Wang et al. 2012) . In addition, a synergistic effect between UV-B and blue light is not observed when blue light is replaced by UV-A, suggesting the presence of a bluelight-specific sensing system. Flavonoid accumulation may also be influenced by the biosynthesis of the phenylpropanoid precursors. In response to low-dosage UV-B irradiation, plants accumulate more hydroxycinnamic acid derivatives (sinapate esters). They are considered to act as a part of the initial defense system against UV-B-induced damage (Zhao et al. 2007) .
Whereas the light-dependent accumulation of these phenolic compounds is generally found in plants, some commercial vegetable and fruit cultivars show stable anthocyanin accumulation independent of light, as observed for turnip (Aoba 1961) , strawberries (Nakamura et al. 1999) , and apple fruit flesh (Espley et al. 2009 ). Such light-independent flavonoid accumulation is regarded as an important commercial trait because such stability ensures their market quality.
To understand the regulation of the light-dependent andindependent flavonoid biosynthesis in plants for the present study, we established ethyl methanesulfonate (EMS) mutant lines from Brassica rapa subsp. rapa cv. Tsuda. Anthocyanin accumulation in this cultivar is light dependent only in the swollen storage roots (morphogenetic hypocotyls). From these mutants, we then isolated several mutants that accumulate anthocyanins in the below-ground part of the storage roots; unlike the wild type (WT), anthocyanin production in these mutants does not require light. As we will show here, one of the mutants, R30, has a nonsense mutation in the coding region of the BrMYB4 gene (HQ317143).
The MYB genes comprise a large, functionally diverse family of regulators represented in all plant species (Dubos et al. 2010) . They can be classified into three subfamilies, depending on the number of adjacent repeats in the MYB domain, as R1, R2R3 and R3 types (Rosinski and Atchley 1998, Jin and Martin 1999) . The R2R3-MYB genes constitute the largest MYB gene family in plants (Romero et al. 1998 , Stracke et al. 2001 . Some members of the R2R3-type MYB genes, such as MYB75 (PAP1) and MYB4, are involved in regulating phenylpropanoid and flavonoid metabolism.
A protein that is encoded by a MYB4 gene, AtMYB4, the first transcription factor found to function as a repressor of the phenylpropanoid pathway, is light responsive and affects one or more phenylpropanoid structural genes (Borevitz et al. 2000 , Jin et al. 2000 , Hemm et al. 2001 . The expression of the AtMYB4 gene in Arabidopsis is down-regulated after exposure to UV-B, and the defense responses to UV irradiation by the atmyb4 mutant were improved through the accumulation of sinapate esters (Hemm et al. 2001) . The expression profile of phenylpropanoid genes suggests that the accumulation of sinapoyl esters under UV irradiation results from enhanced C4H expression. Based on these results, AtMYB4 was proposed to control sinapate ester formation in response to UV-B irradiation through negative regulation of AtC4H expression (Jin et al. 2000) .
In the present study, we characterized the phenotype and gene expression profile of the BrMYB4 mutant of Tsuda turnip and assessed the function of BrMYB4 in the light-dependent and -independent regulation of anthocyanin biosynthesis in turnip storage roots.
Results

R30 has a nonsense mutation in the BrMYB4 gene
Tsuda turnip is known to accumulate anthocyanins in storage roots exposed to light. This phenotype was confirmed in the WT, where anthocyanin accumulated only in the above-ground part of the storage roots. In contrast to the WT, anthocyanins accumulated in both the above-ground and below-ground part of the storage roots in the R30 mutant (Fig. 1A) . The average anthocyanin content in the below-ground part of R30 was significantly lower than in the above-ground part of the WT; thus the R30 mutation did not completely compensate for the light response of the WT. Instead, the R30 mutant still displayed a light-dependent increase in anthocyanin content, as indicated by the highest anthocyanin content in the above-ground part of R30 (Fig. 1B) .
To identify the mutated gene, we conducted a TILLING (targeting induced local lesions in genomes) analysis of multiple genes that were reported to be related to phenylpropanoid and flavonoid biosynthesis. TILLING analysis of bulked DNA from mutant lines indicated that some lines had a mutated BrMYB4 allele. When the 1:1 mixture of the amplified BrMYB4 DNA fragments derived from the WT and mutants was digested with CELI nuclease, two additional short fragments appeared, indicating the presence of DNA sequence mismatches in some of the BrMYB4 alleles of the mutants (Fig. 2) . Further analysis showed that the R30 allele of BrMYB4 (BrMYB4mu) had a single base substitution at 323 (G!A) and at 462 (C!T). The mutation at 426 did not affect the amino acid sequence, but the mutation at 323 (G!A) resulted in the substitution of the tryptophan codon (108 W) with the stop codon ( Supplementary Fig. S1 ), thus truncating the C-terminal region from the 294 residue full-length protein. The truncated protein included the R2R3 domain, but lacked the predicted transcription activation domains. Therefore, the mutated form of the BrMYB4 transcription factor may bind to the binding site of target DNA, but would be unable to activate the transcription.
BrMYB4 negatively regulated BrC4H expression
Quantitative real-time PCR (RT-PCR) showed that the expression level of BrMYB4/BrMYB4mu in swollen storage roots of the R30 mutant was only slightly lower than that in the WT (Fig. 3) . Since the putative function of the BrMYB4 protein is transcriptional regulation, its target gene was expected to be differentially expressed in the brmyb4 mutant. In Arabidopsis, AtMYB4 has been reported to regulate negatively the expression of AtC4H, and the negative regulation is released after UV-B exposure (Jin et al. 2000 , Zhao et al. 2007 ). Therefore, we compared the expression of BrC4H in the WT and the R30 mutant. As expected, the expression of BrC4H was markedly promoted in R30 as compared with the WT in the dark (Fig. 3) .
Upon the exposure to UV-B irradiation (310 nm, 0.3 W m À2 ), BrMYB4/BrMYB4mu expression gradually decreased over time in both R30 and WT seedlings (Fig. 4) . In contrast, the expression of BrC4H gradually increased in the WT, but remained high in R30 regardless of the UV-B exposure (Fig. 4) . This result showed that BrC4H expression in the dark is suppressed only in the WT BrMYB4. ( Abe et al. 2003) . In Tsuda turnip, a MYB-binding motif (5 0 -TAA CCA-3 0 ) was found in the promoter region of the BrC4H gene. Using the upstream region of the WT BrC4H gene, we used a DNA electrophoretic mobility shift assay (EMSA) to test whether the BrMYB4 protein can bind directly to the MYBbinding motif of BrC4H in vitro.
BrMYB4 can bind to the BrC4H promoter
The full-length BrMYB4 protein was expressed as a maltosebinding protein (MBP) fusion protein in Escherichia coli (DE3), and MBP was used as an affinity tag for purification of recombinant BrMYB4 proteins. As shown in Fig. 5 , the BrMYB4-MBP fusion protein was able to bind to the biotin-labeled BrC4H promoter DNA sequence including the MYB4-binding site. The biotin-labeled probe competed with cold competitor probes without biotin labels in a dose-dependent manner, indicating that the signal from the probe represents the specific binding of the BrMYB4 transcription factor to the BrC4H promoter DNA. When the mutant form of the BrC4H promoter DNA was used as a potential competitor, such competition was not observed. In addition, probes with a mutation in the MYBbinding sequence failed to compete with the WT form of the probe. These results demonstrated that BrMYB4 was able to bind directly and specifically to the MYB-binding site of the BrC4H promoter in vitro.
Truncated BrMYB4mu protein lost the ability to be transported to the nucleus by BrSAD2 SAD2 (sensitive to ABA and drought 2), an importin b-like protein, was reported to be involved in UV-B responses by mediating the transport of MYB4 into the nucleus (Zhao et al. 2007 ). To test the requirement of BrSAD2 for the transport of BrMYB4 into the nucleus, we investigated the cellular localization of theBrMYB4/BrMYB4mu protein fused with enhanced green fluorescent protein (eGFP) in the presence or absence of BrSAD2 in leaves of Nicotiana benthamiana. The WT BrMYB4 and the mutant BrMYB4mu were fused with the eGFP reporter gene at their C-terminus (35S:BrMYB4-eGFP and 35S:BrMYB4mu-eGFP) and were co-expressed with BrSAD2 (35S:BrSAD2) in N. benthamiana cells by means of Agrobacterium-mediated transformation (Fig. 6A) . When BrMYB4-eGFP, BrMYB4mu-eGFP or the combined BrMYB4mu-eGFP and BrSAD2 were expressed under the 35S promoter, the eGFP signal was mainly observed in the cytosol or around the membranes (Fig. 6B, 1, 2, 5) . The negative control cells expressing only BrSAD2 did not show any fluorescence (Fig. 6B, 3) . When BrMYB4-eGFP was co-expressed with BrSAD2, the eGFP signal was localized only in the nucleus (Fig. 6B, 4) . These results demonstrated that BrMYB4 transport into the nucleus requires BrSAD2, but BrSAD2 did not mediate the transport of the C-terminal truncated BrMYB4mu protein into the nucleus.
Expression profiles of anthocyanin biosynthesis genes
Because the R30 mutant displayed light-independent anthocyanin accumulation in the below-ground part of the storage roots, the expression of anthocyanin biosynthesis genes (BrCHS1, BrCHS4, BrCHS5, DFR, ANS1 and ANS2) as well as BrC4H were analyzed in the peels of storage roots in response to continuous sunlight and a 24 h UV-B treatment (Fig. 7) . Like the results for seedlings, BrC4H expression in the WT was suppressed in the dark and enhanced by UV-B exposure. The expression levels of anthocyanin biosynthesis genes were much higher for R30 than for the WT in the dark.
Although BrC4H expression was induced by UV-B, no significant response to sunlight was observed for BrC4H expression in either the WT or R30. In contrast to BrC4H, anthocyanin biosynthesis genes were obviously up-regulated in response to sunlight, but showed no changes or were down-regulated in response to UV-B in both the WT and R30.
The expression of BrMYB4 was not significantly different between the WT and R30 in the dark, and the expression decreased in response to UV-B in both lines, as observed for the seedlings. In R30, BrMYB4 expression increased several fold in sunlight over that in the dark in R30, but not in the WT.
Resistance of R30 mutant to cold and drought stresses MYB4 was previously reported to activate genes involved in tolerance to various abiotic stresses, such as cold and drought in Arabidopsis and rice. Constitutive expression of the rice OsMYB4 gene in transgenic plants of Arabidopsis, tomato and apple improved adaptive responses to cold and drought stresses (Mattana et al. 2005 , Vannini et al. 2007 , Pasquali et al. 2008 . To determine whether BrMYB4 is involved in the adaptation to these abiotic stresses, we evaluated the effect of the BrMYB4 mutation on cold and drought resistance. After a cold treatment at 4 C for 7 d, the survival rate of R30 was significantly lower than that of the WT (Table 1) . However, the survival rate of the WT and R30 after a drought stress did not differ. 
Discussion
BrMYB4 negatively regulates BrC4H expression in response to UV-B irradiation
The Tsuda turnip showed a light-dependent phenotype, i.e. anthocyanins accumulated only in tissues exposed to sunlight. In contrast to the WT, R30 accumulated anthocyanins in both the above-and the below-ground part of the storage root, i.e. the light-independent phenotype. In spite of obvious phenotypic alterations in the mutant, the BrMYB4 expression pattern was nearly the same between R30 and the WT. BrMYB4 expression declined gradually in response to UV-B in both R30 and the WT. In contrast, the BrC4H transcript levels clearly differed between R30 and the WT. While BrC4H expression in the WT was low in the dark and gradually increased in response to UV-B, BrC4H expression in R30 was maintained at a high level Relative transcript levels of BrMYB4, BrC4H and anthocyanin biosynthesis genes in response to sunlight and UV-B irradiation in swollen storage roots of wild-type (WT) and R30 mutant Tsuda turnip. The above-ground parts of plants were exposed to sunlight from the time that the hypocotyl began to swell (sunlight). The plants were then moved to a darkroom, the soil was removed from the shaded below-ground parts of swollen storage roots, and the plants were irradiated with UV-B for 24 h (UV-B). Below-ground parts of plants were kept in darkness for use as controls (Dark). Six and three independent determinations were assessed for R30 and the WT, respectively. Error bars represent the SE.
regardless of the light condition. These relationships suggested that the expression of BrMYB4 was not affected by the mutation, but that the mutated form of the BrMYB4 protein affected the negative regulation of BrC4H expression. This interaction was supported by an EMSA, which demonstrated that BrMYB4 could directly interact with the promoter sequence of BrC4H and that the binding activity was specific to the presence of a MYB-binding motif (5 0 -TAACCA-3 0 ).
SAD2 did not mediate the transport of BrMYB4mu into nuclei
Transcriptional regulation of various processes such as abiotic stress responses (Lee et al. 2001) , light responses (Yang et al. 2000) and hormone signaling (Hutchison and Kieber 2002, Itoh et al. 2002) by regulatory proteins in plants is often mediated by nucleocytoplasmic partitioning of transcription factors (Merkle 2003) . Nuclear transporters have been considered to play a crucial role in regulating various signal transduction pathways (Bollman et al. 2003 . Palma et al. 2005 , Verslues et al. 2006 . Zhao (2007) identified SAD2 as the nuclear transporter of MYB4 during UV-B responses in Arabidopsis (Zhao et al. 2007 ). Our co-localization analysis of BrSAD2 with BrMYB4 or with BrMYB4mu demonstrated that the transport of the BrMYB4 protein into the nucleus was mediated by BrSAD2 and that the truncated BrMYB4mu was not transported into the nucleus by BrSAD2. Thus, the truncation of the C-terminal region and loss of the ability to enter the nuclei led to the loss of function of the BrMYB4mu protein as the repressor of BrC4H expression.
BrMYB4 as a negative regulator of multiple genes
In the shaded part of the storage root, the expression of BrC4H and all the anthocyanin biosynthesis genes analyzed was up-regulated in R30 as compared with the WT. These results indicated that all these genes are under the negative regulation of the transcription factor BrMYB4. In addition, the expression of the BrMYB4 gene itself was up-regulated in R30 in both sunlight and UV-B, but not in the dark. Therefore, BrMYB4 seems to be self-down-regulated, as reported previously (Zhao and Dixon 2011) .
However, BrMYB4 is not the only regulatory protein that regulates the expression of these genes. In the WT, sunlight did not influence BrMYB4 expression, but markedly promoted the expression of anthocyanin genes. Therefore, promotion of anthocyanin gene expression in the sunlight cannot be attributed to a modification of BrMYB4 expression. On the contrary, UV-B suppressed BrMYB4 expression, but did not influence the expression of anthocyanin genes. Furthermore, sunlight-dependent anthocyanin biosynthesis was also observed in R30, in which BrMYB4 had lost its function, indicating that other regulatory genes are involved in the induction.
Light-dependent and -independent anthocyanin biosynthesis
Regarding the gene expression profiles in Fig. 7 , BrMYB4-mediated negative control does not seem to function as the primary control of anthocyanin biosynthesis in the light. Since the plants were grown in a greenhouse covered with plastic film, the major portion of the UV-B radiation was absorbed. In response to UV-B, the expression levels of most anthocyanin biosynthesis genes were suppressed as compared with both the WT and R30 in the dark. Similar results were observed previously for Tsuda turnip, when the expression of anthocyanin biosynthesis genes was enhanced in response to UV-A but not to UV-B or blue light (Zhou et al. 2007 ). Perhaps a second pathway is triggered by wavelengths other than UV-B and not mediated by BrMYB4 (Fig. 8) .
After exposure to UV-B, anthocyanin genes were not upregulated in spite of lowered BrMYB4 gene expression. This result can be explained by the presence of another pathway that suppressed anthocyanin biosynthesis in response to UV-B without the use of BrMYB4 (Fig. 8) . The promotion of gene expression by the release of BrMYB4 suppression in combination with the inhibition of gene expression by an unknown UV-B-triggered pathway perhaps resulted in unchanged or even reduced expression of anthocyanin biosynthesis genes under UV-B irradiation.
The gene expression profiles (Fig. 7) suggested that lightindependent anthocyanin biosynthesis resulted from release of the suppression of BrC4H and anthocyanin biosynthesis genes by BrMYB4. However, BrC4H may not be the limiting step for anthocyanin production, since the WT accumulated anthocyanins in the sunlight although BrC4H expression was still as low as in the dark. Therefore, the release of the suppression of anthocyanin genes by the BrMYB4 mutation could be the primary cause for the light-independent anthocyanin accumulation in R30.
BrMYB4 mediated tolerance to cold
Previous analysis of transgenic plants vs. the WT showed that the MYB4 transcription factor is involved in tolerance to various abiotic stresses such as cold, drought and salt (Vannini et al. 2004 , Mattana et al. 2005 , Vannini et al. 2006 . The OsMYB4 protein plays key roles in the plant response to stress signals (Vannini et al. 2007). Overexpression of the OsMYB4 gene in Arabidopsis promotes tolerance to cold and drought, indicating that OsMYB4 is crucial for regulating the cross-talk of different stress signaling cascades (Vannini et al. 2006 , Vannini et al. 2007 ). When we explored the possibility that the mutation of BrMYB4 diminished plant resistance to cold and drought stresses in R30, the survival rate of R30 after 7 d at 4 C was significantly lower than for the WT, indicating that BrMYB4 was involved in the cold acclimation pathway. The mechanism underlying cold tolerance regulated by MYB4 is not well understood, but overexpression of OsMYB4 triggers a large number of genes with putative roles in stress defense mechanisms in rice (Park et al. 2010) . The genes included those involved in flavonoid and phenylpropanoid metabolism, but they did not report C4H downregulation.
Conclusion
The altered gene expression profiles in the dark, sunlight and UV-B in the R30 mutant defective in BrMYB4 function revealed a complicated role for BrMYB4 and the light signaling pathway, as summarized in Fig. 8 . The results indicated that BrMYB4 functions as a negative transcriptional regulator of BrC4H and other anthocyanin biosynthesis genes. In turnip seedlings and peels of swollen storage roots, UV-B suppresses BrMYB4, thereby activating BrC4H transcription. This activation will trigger the formation of phenylpropanoids (sinapate esters), which can protect plants from UV-B. However, UV-B does not induce anthocyanin biosynthesis; rather it suppresses anthocyanin genes, probably through unknown UV-B-inducible negative regulators. Instead of UV-B, other light wavelengths of sunlight such as UV-A must induce anthocyanin biosynthesis through a mechanism that does not involve BrMYB4.
Materials and Methods
Plant materials
The WT and the R30 mutant, discovered in our EMS mutant library of Tsuda turnip, were used. While the WT accumulates anthocyanins in swollen storage roots depending on exposure to light (Zhou et al. 2007 , Wang et al. 2012 , R30 accumulates anthocyanins in the peels of above-ground parts of the swollen storage roots exposed to sunlight and in the below-ground parts. Seeds of both lines were sown in 20 cm pots of soil, and plants were grown for 2 months in a greenhouse maintained above 15 C at night without supplemental lights. The above-ground parts were exposed to sunlight from the time that the hypocotyl began to swell, then the surface tissue, 1-2 mm thick, was peeled and trimmed to 1 Â 1 cm pieces. These pieces were soaked in 1 ml of acetonitrile containing 0.1% trifluoroacetic acid for 48 h at 4 C. The absorbance of the extracts at 530 nm was measured. Anthocyanin content was expressed as optical density (OD 530 ) per square centimeter.
Identification of the mutation in the R30 mutant
To identify the mutation that is responsible for the light-independent phenotype of R30, mutations in the genes related to anthocyanin biosynthesis were surveyed by the TILLING procedure. The survey identified a mutation in the BrMYB4 gene. The full-length coding region of the BrMYB4 gene was amplified by PCR using forward primer 5 C for 10 min. The amplified products derived from WT, R30 and the mixture of these two samples were then subjected to a complete denaturation-slow annealing program to produce heteroduplexes: 99 C for 10 min, 70 cycles of 70-64 C for 20 s (-0.3 C per cycle), then held at 15 C. The annealed PCR products were digested with CELI nuclease at 45 C for 30 min, in a 12 ml reaction mixture containing 4 ml of PCR product, 0.5 ml of CELI, 10 mM HEPES pH 7.5, 10 mM KCl, 10 mM MgSO 4 , 0.002% Triton X-100 and 0.2 mg ml À1 bovine serum albumin (BSA). The reaction was stopped by adding 3 ml of 0.5 M EDTA (pH 8.0) to the reaction. CELI-digested PCR products were separated using 2% agarose gel electrophoresis.
UV-B irradiation of seedlings
Seedlings were germinated on wet filter paper, covered with aluminum foil with a 1-2 mm wide slit through which seedlings were allowed to emerge (Wang et al. 2012) . These seedlings were grown in the dark at 25 C for about 4 d until their height reached approximately 4 cm. Then the seedlings were exposed to UV-B (310 nm light-emitting diode, T9E31C, Seoul Optodevice, 0.3 W m À2 ) for 0, 24, 36 or 48 h, then harvested and frozen immediately in liquid nitrogen.
Sunlight and UV-B treatment of swollen storage roots
The above-ground parts of 2-month-old WT and R30 mutant plants grown in the greenhouse were collected as sunlight treatment and then the entire plants were moved to a darkroom. The soil covering the swollen storage roots was removed, the shaded below-ground part of the swollen storage roots was irradiated with UV-B for 24 h, and then peels were sampled as UV-B treatment.
The below-ground part without treatment was used as control. Each treatment consisted of six plants for R30 and three plants for the WT.
Quantitative RT-PCR analysis
Total RNA was extracted from WT and R30 seedlings and mature peels using the TRIzol Plus RNA Purification Kit (Ambion). Poly(dT) cDNA that was reverse transcribed from 2 mg of the total RNA by M-MLV reverse transcriptase (Promega) was used as the template DNA for the quantitative RT-PCR of BrMYB4, BrC4H and anthocyanin biosynthesis genes. The PCR was performed in 96-well optical reaction plates heated at 95 C for 30 s, followed by 40 cycles of denaturation at 95 C for 5 s, annealing at 58 C for 30 s and extension at 72 C Electrophoretic mobility shift assay (EMSA)
The full-length cDNA fragments of the BrMYB4 gene were amplified by PCR using forward primer 5 0 -CCGGAATTCATGGGAAGGTCACCGTGTTGTGAGA AAGC-3 0 and reverse primer 5 0 -ACGCGTCGAC TTATTTCATCTCCAAGCTTC TAAAACC-3 0 . Derivatives of BrMYB4, were amplified using forward primer 5 0 -C CGGAATTCATGGGAAGGTCACCGTGTTGTGAGAAAGC-3 0 and reverse primer 5 0 -ACGCGTCGACCCAATAGTTCTTTATCTCGTTATC-3 0 . The amplified fragments were cloned into the pMAL-c2 vectors at the EcoRI and SalI restriction sites. The BrC4H promoter, containing the MYB-binding motif (TAA CCA), was used as a probe. The probe of the BrC4H promoter was GAAAATAA CATTATATTAGTCGTTTAACCATTGGAAATATTACATTAAAC. The oligonucleotide probe was synthesized and labeled with biotin at the 5 0 end (Invitrogen). The mutated probe was synthesized using 5 0 -AAAAAA-3 0 to replace the typical form 5 0 -TAACCA-3 0 . The labeled probe and the unlabeled competitor probe were generated using dimerization. The EMSA was performed using a LightShift Chemiluminescent EMSA kit (Thermo Scientific) as previously described (Li et al. 2013) .
Plasmid constructs for co-localization of BrSAD2 and BrMYB4 and transient expression in N. benthamiana leaves The BrSAD2 gene sequence was obtained using forward primer 5 0 -ATGGATCT GCATAGCCTCGCTTTGATCC-3 0 and reverse primer 5 0 -TCATATAGCACGAA CAGGAGCAACAGCAGC-3 0 by RT-PCR. BrMYB4-eGFP and BrMYB4mu-eGFP fusion genes were prepared for the co-localization. BrSAD2 was PCR amplified and ligated into the NcoI and BstEII restriction sites of the plant expression vector pCAMBIA1302. Two constructs with a reporter gene 35S:BrMYB4-eGFP and 35S:BrMYB4mu-eGFP, and the effector gene construct 35S:BrSAD2 were used for co-localization.
Agrobacterium containing individual constructs was cultured overnight at 28 C at 300 r.p.m. with 50 mg ml À1 kanamycin and 10 mg ml À1 rifampicin, then 200 ml of the culture was added into 10 ml of fresh medium containing 10 mM EMS (pH 5.6) and 40 mM acetosyringone, and then cultured overnight until the OD 600 was 1. The culture was then centrifuged at 4,000 r.p.m. for 10 min and resuspended in 10 mM MgCl 2 to a final volume of 20 ml (OD 600 = 0.5-1) for nuclear localization experiments. Acetosyringone (150 mM) was added, and the bacterial suspensions were kept at room temperature for at least 3 h without shaking (Xiao et al. 2006 ). Expanded leaves of N. benthamiana were infiltrated with the suspension of Agrobacterium described above using a 1 ml injector. For co-localization, an equal volume of Agrobacterium containing the reporter gene construct and one containing the effector gene construct were mixed before infiltration. Controls with only one construct were mixed with an equal volume of untransformed Agrobacterium. The infiltrated leaves were collected after 2-3 d for fluorescence detection (Xiao et al. 2006) . The epidermal tissue of N. benthamiana leaves expressing fluorescent protein was examined using confocal laser scanning microscopy (Nikon A1R/A1). The assay was repeated three times.
Comparison of wild-type and R30 mutant seedlings after cold and drought stresses Seedlings of the WT and R30 were grown in a growth chamber with 14 h light (200 mE m À2 s À1 ) at 25 C and 10 h dark at 18 C for 4 weeks. For the cold stress, 50 seedlings were placed in a growth chamber at 4 C with the same light conditions for 7 d. The drought stress was imposed on 50 seedlings by withdrawing irrigation for 2 weeks. The survival rates of the seedlings after cold and drought treatments were calculated as an index for cold and drought resistance. Three independent determinations were assessed.
